Pre-clinical evidence demonstrates that neuropathic spinal cord injury (SCI) pain is maintained by a number of neurobiological mechanisms, suggesting that treatments directed at several pain-related targets may be more advantageous compared to a treatment focused on a single target. The current study evaluated the efficacy of the non-opiate analgesic acetaminophen, which has several putative analgesic mechanisms, combined with analgesic drugs used to treat neuropathic pain in a rat model of below-level neuropathic SCI pain. Following an acute compression of the mid-thoracic spinal cord, rats exhibited robust hind paw hypersensitivity to innocuous mechanical stimulation. Fifty percent antinociceptive doses of gabapentin, morphine, tramadol or memantine were combined with an ineffective dose of acetaminophen; acetaminophen alone was not antinociceptive. The combination of acetaminophen with either tramadol or memantine resulted in an additive antinociceptive effect. Acetaminophen combined with either morphine or gabapentin, however, resulted in supra-additive (synergistic) efficacy. One of the analgesic mechanisms of acetaminophen is inhibiting the uptake of endocannabinoids from the extracellular space. Pre-treatment with AM251, a cannabinoid-1 receptor (CB1) antagonist, significantly diminished the antinociceptive effect of the acetaminophen þ gabapentin combination. Pre-treatment with AM630, a cannabinoid-2 receptor (CB2) antagonist, did not have an effect on this combination. By contrast, both AM251 and AM630 reduced the efficacy of the acetaminophen þ morphine combination. None of the active drugs alone were affected by either CB receptor antagonist. The results imply that modulation of the endocannabinoid system in addition to other mechanisms mediate the synergistic antinociceptive effects of acetaminophen combinations. Despite the presence of a cannabinoid mechanism, synergism was not present in all acetaminophen combinations. The combination of currently available drugs may be an appropriate option in ameliorating neuropathic SCI pain if single drug therapy is ineffective.
Introduction
A significant percentage of spinal cord injury (SCI) patients suffer chronic pain in addition to motor function loss and visceral dysfunction (Dijkers et al., 2009; Widerstrom-Noga, 2009 ). Persistent pain, characterized as burning or shooting, may be experienced above or below the level of the spinal lesion and could be musculoskeletal in origin, the result of peripheral or central nervous system damage or a combination of all of these (Finnerup and Jensen, 2004) . Hypersensitivity to cutaneous stimulation has also been reported in SCI patients below the level of the lesion. Similar to peripheral neuropathic pain, there are multiple converging postinjury neurological and inflammatory events mediating chronic neuropathic SCI pain (Yezierski, 2009 ). The numerous neuropathological events make effective treatment of neuropathic SCI pain highly challenging.
Although novel pain-related targets are continuously being identified, the development of useful clinical treatments from these targets will take considerable time and effort. In the mean time, currently marketed drugs, such as a tricyclic antidepressants and anticonvulsants, could be used to treat SCI pain (Kroenke et al., 2009) . However, drugs that show efficacy for peripheral neuropathic pain are not entirely effective in SCI pain (Finnerup and Jensen, 2004) . In addition, some drugs may be contraindicated for SCI patients, since their side-effects may lead to further complication of existing health problems (Finnerup and Jensen, 2004; Ragnarsson, 1997) . There is a need, then, for effective pharmacological treatments for SCI pain without the liabilities observed in currently available analgesics.
Drugs with divergent mechanisms may be combined to utilize the phenomenon of synergism with the goal of increasing efficacy beyond that of the efficacies of the constituents alone (Raffa et al., 2003; Tallarida, 2001) . Reduced doses of the constituents are combined to yield an additive or a supra-additive effect. Conversely the decrease doses of the constituents would lead to reduced incidence of adverse side-effects. The non-opiate analgesic acetaminophen has been used as an adjunct with opiates for the treatment of moderate to severe pain, decreasing total consumption of opiates and their associated side-effects (Christo and Mazloomdoost, 2008) . Some SCI patients have reported modest temporary pain relief with acetaminophen alone (Cardenas and Jensen, 2006; WiderstromNoga and Turk, 2003) . Acetaminophen lacks the adverse side-effects observed with centrally acting drugs like anticonvulsants, which could in part explain the substantial minority of SCI patients who are currently taking this drug for pain (Cardenas and Jensen, 2006) . Thus, acetaminophen could be combined with other pain drugs to treat neuropathic SCI pain.
Chronic SCI pain patients have reported significant analgesia with exogenous cannabinoids such as those found in Cannabis sativa (Cardenas and Jensen, 2006; Karst et al., 2003) . The use of exogenous cannabinoids, however, for medical purposes is socially controversial. Alternatively, increasing endogenous cannabinoids such as anandamide leads to analgesia which is mediated via activation of the cannabinoid-1 (CB1) receptor (Bertolini et al., 2006; Hohmann, 2002; Lichtman et al., 2004; Russo et al., 2007b) . Increased extracellular endocannabinoids may also be obtained by inhibiting their enzymatic degradation or cellular uptake. Coincidentally, one of acetaminophen's analgesic mode of action is to increase CNS endocannabinoid levels by blocking cellular uptake of anandamide (Bertolini et al., 2006; Hogestatt et al., 2005) . Acetaminophen could be used an alternate means of modulating the endocannabinoid system for pain relief.
One analgesic drug with multiple mechanisms that is currently marketed for short-term acute pain management is Ultracet Ò , an acetaminophen and tramadol combination. Tramadol alone has at least three mechanisms that could be working in concert: inhibition of norepinephrine and serotonin neural uptake, similar to a tricyclic antidepressant, and a metabolite with high potency for the m-opioid receptor (Pandita et al., 2003; Raffa et al., 1992) .
Furthermore, an additional cannabinoid mechanism via acetaminophen could add to the efficacy of tramadol. A possible involvement of the endocannabinoid system with an acetaminophen and tramadol combination has not been reported. Other mechanisms (e.g. m-opioid receptor) of this combination of drugs in SCI pain have not been reported. The current study determined whether various combinations of acetaminophen with analgesic drugs were synergistic in a rat model of neuropathic SCI pain. The test drugs have previously demonstrated antinociceptive effects in chronic pain models, including neuropathic SCI pain, and in clinical pain (De Vry et al., 2004; Finnerup and Jensen, 2004; Grande et al., 2008; Hama and Sagen, 2007c; Kroenke et al., 2009 ). To confirm a CB receptormediated effect of the drug combinations, SCI rats were treated with CB1 and CB2 receptor antagonists prior to combination treatment.
Materials and methods
Male SpragueeDawley rats were used (140e160 g at the time of surgery; Harlan, IN). Experimental procedures were reviewed and approved by the University of Miami Animal Care and Use Committee and followed the recommendations of the "Guide for the Care and Use of Laboratory Animals" (National Research Council). Prior to and after surgical procedures, rats were allowed free access to food and water. Rats were housed two per cage in a room with a 12 h light/dark cycle.
Surgical procedure
An acute compression of the mid-thoracic spinal cord was performed as previously described. Using aseptic technique, a laminectomy was performed to expose spinal segments T 6 eT 7 (Hama and Sagen, 2007c) . Care was taken not to incise the dura or disturb near-by nerve roots. A micro-vascular clip (Harvard Apparatus, MA) was placed vertically around the spinal cord and allowed to compress the spinal cord for 1 min. Following removal of the clip, the musculature was sutured shut and the skin closed with wound clips. Spontaneous voiding returned to these rats in 1e2 days following surgery and rats were able to feed and drink unaided.
Hind paw sensitivity to tactile stimulation
To determine cutaneous hind paw sensitivity to innocuous mechanical stimulation, the up-down method with von Frey filaments was used (Chaplan et al., 1994) . Rats were placed in Plexiglas boxes resting on an elevated mesh floor. A filament was placed vertically on the plantar surface of the hind paw and gently pushed, resulting in a slight bowing of the filament. If the rat did not respond with a hind paw withdrawal from the filament, the next higher force filament was used. If the rat responded, then the lower force filament was used. A pattern of six responses was used to calculate the 50% withdrawal threshold (g). The hind paw withdrawal threshold in a sham-operated rat was 15 g.
Rats were tested four weeks after spinal cord compression. To be included in the study, the hind paw withdrawal thresholds needed to be 4 g or less. (In this study, the average inclusion rate was 8 out of 10 rats.) Following baseline threshold measurements, rats were injected with either drug or vehicle and tested once every 30 min up to 120 min post-injection.
Drugs
Drug vehicles, injection volumes, routes of administration and sources are summarized in Table 1 .
The highest dose of acetaminophen (N-acetyl-para-aminophenol; APAP) used in combination with other drugs was 100 mg/kg, which was combined with the 50% antinociceptive dose (A 50 ) of effective drugs determined from a previous study (Hama and Sagen, 2007c) . Fractions of the highest combination dose were used to construct the dose-response curve. For example, the doses of the combination of APAP þ gabapentin were 100 þ 26 mg/kg, 50 þ 13/kg, 25 þ 6.5 mg/kg and 12.5 þ 3.25 mg/kg. The drugs were injected separately but at the same time.
In the antagonist studies, the antagonist was injected 30 min prior to the injection of the highest dose of the combination. There were four treatment groups for all antagonist studies (pre-treatment/post-treatment): vehicle/vehicle; vehicle/ APAP þ active drug; antagonist/vehicle; antagonist/APAP þ active drug. (For active drugs combined with APAP, see Table 2 .) Rats were tested 60 or 90 min after the second injection of either vehicle or combination, depending on the particular combination. The antagonists used were: AM251 (1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide), AM630 (6-Iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl (4-methoxyphenyl)methanone) and naloxone HCl. The doses of AM251 (CB1 receptor antagonist; 3 mg/kg) and AM630 (CB2 receptor antagonist; 1 mg/kg) have been previously shown to block the effects of a cannabinoid receptor agonist in vivo and the dose of naloxone (5 mg/kg) has previously been demonstrated to block the effect of tramadol (Di Filippo et al., 2004; Hama and Sagen, 2007a,b) .
Statistical analysis
To plot the dose-response curve, the withdrawal thresholds following drug treatment were converted into a percent maximum possible effect (MPE %):
Oð15g À Baseline thresholdÞÞ*100
In a typical case of determining synergism of a two drug combination, both drugs are active and the 50% antinociceptive doses are used to calculate the theoretical A 50 of the combination. An isobologram is constructed by plotting the A 50 of each drug on an x-and y-axis. The line connecting the A 50 values is the theoretical additive line. If the experimentally determined A 50 value falls below the line of additivity, the combination is supra-additive (synergistic) whereas if the A 50 value falls on the line, the combination is merely additive (Tallarida et al., 1989) .
However, in the current study, there is a lack of efficacy of one of the drugs, APAP, so a modified isobolar analysis was used. Synergism is still defined as a significant change of the experimentally determined potency of the combination compared to the calculated theoretical potency of the combination. To calculate the theoretical additive A 50 :
additive A 50 ¼ active drug A 50 =P where P is the proportion of the combination that is the active drug. The A 50 of the combinations (and the 95% confidence limits) were calculated from the doseresponse curves of the combinations using a computer program (Tallarida and Murray, 1981) . The experimentally determined and additive A 50 were compared using a t-test. If experimental A 50 < additive A 50 (at p < 0.05), then the combination is synergistic (Hama et al., 2001; Porreca et al., 1990; Raffa et al., 2003 Raffa et al., , 2000 Raffa et al., , 2001 Tallarida, 2007) . Lack of statistical significance indicated additivity.
Statistical analysis of the effects of antagonist pre-treatment on the combinations was performed using a 2-way ANOVA with StudenteNewmaneKeuls method for post-hoc analysis. The level of significance was p < 0.05.
Results
Four weeks after spinal cord compression, rats exhibited robust hind paw mechanical hypersensitivity. The mean (AES.E.M.) baseline withdrawal threshold before injection was 2.2 AE 0.2 g.
Acetaminophen alone
In the current study, the highest injectable dose of APAP was 100 mg/kg, which was in a clear solution. At 60 min and 90 min post-injection of APAP alone, the MPEs were 27 AE 8% and 33 AE 11%, respectively ( Fig. 1A, B ; p > 0.05 vs. vehicle).
Acetaminophen þ gabapentin
The doses of APAP þ gabapentin tested were 100 þ 26 mg/kg, 50 þ 13 mg/kg, 25 þ 6.5 mg/kg and 12.5 þ 3.25 mg/kg (Fig. 1A) . (Hama and Sagen, 2007c) . b A 50 were calculated 90 min post-injection for gabapentin and tramadol and 60 min post-injection for memantine and morphine. Since peak efficacy of gabapentin alone was previously observed at 90 min post-injection, the theoretical and experimental A 50 values were calculated at this time point (Hama and Sagen, 2007c ). There was a 2.6-fold leftward shift of the APAP þ gabapentin doseresponse curve compared to that of gabapentin alone and the experimentally determined A 50 of the combination was significantly less than the theoretical A 50 (Table 2 ; p < 0.05). Therefore, combination of the two was synergistic.
Pretreatment with AM251 significantly attenuated the antinociceptive effect of APAP þ gabapentin ( Fig. 2A ; p < 0.05 vs. veh/APAP þ GP). No significant difference was observed between the AM251/vehicle and AM251/APAP þ gabapentin treated groups (p > 0.05). Pre-treatment with AM630 did not significantly attenuate the effect of the APAP þ gabapentin combination ( Fig. 2B ; p > 0.05 vs. vehicle/APAP þ GP).
Acetaminophen þ memantine
The doses of APAP þ memantine tested were 100 þ 8 mg/kg, 50 þ 4 mg/kg and 25 þ 2 mg/kg. The experimentally determined A 50 of the combination (at 60 min post-injection) was not significantly different from the theoretical A 50 (Fig. 1B ; p > 0.05). No significant shift in potency was observed between the combination and memantine alone. Therefore, combination of the two was merely additive (Table 2) .
Acetaminophen þ morphine
The doses of APAP þ morphine tested were 100 þ 1 mg/kg, 30 þ 0.3 mg/kg and 10 þ 0.1 mg/kg. Since peak efficacy of morphine alone was previously observed 60 min post-injection, the theoretical and experimental A 50 values were calculated at this time point (Hama and Sagen, 2007c) . The experimentally determined A 50 of the combination was significantly less than the theoretical A 50 (Fig. 1C , Table 2 ; p < 0.05). There was a 3.4-fold leftward shift in potency of APAP þ morphine compared to morphine alone. Therefore, combination of the two was synergistic.
Pretreatment with AM251 significantly attenuated the effect of APAP þ morphine ( Fig. 3A ; p < 0.05 vs. veh/APAP þ Mor). However, a significant "residual" antinociception was still observed in AM251-pretreated rats, in that the mean withdrawal threshold was still higher than that of vehicle post-treated rats (p < 0.05 vs. AM251/veh). Pretreatment with AM630 partially decreased the antinociceptive effect of APAP þ morphine ( Fig. 3B ; p < 0.05 vs. veh/APAP þ Mor). Similar to pre-treatment with AM251, a "residual" antinociception in the AM630/APAP þ morphine group was observed (p < 0.05 vs. AM630/veh).
Acetaminophen þ tramadol
The doses of APAP þ tramadol tested were 100 þ 20 mg/kg, 50 þ 10 mg/kg, 25 þ 5 and 12.5 þ 2.5 mg/kg. A 2-fold leftward shift in potency of APAP þ tramadol compared to tramadol alone was observed (Fig. 1D) . However, the experimentally determined A 50 of the combination (at 90 min post-injection) was not statistically significant from the experimentally determined A 50 (p > 0.05). Therefore, combination of the two was merely additive (Table 2) .
Since this combination is analogous to the analgesic drug Ultracet Ò , further characterization using CB receptor antagonists was performed, despite a merely additive effect of the combination.
The m-opioid receptor could also be crucial to the antinociceptive effect of APAP þ tramadol combination, given that tramadol's metabolite binds to the m-opioid receptor, in this rat SCI model.
Pretreatment with AM251 significantly attenuated the effect of APAP þ tramadol ( Fig. 4A ; p < 0.05 vs. veh/APAP þ Tram). However, pre-treatment with AM630 did not affect APAP þ tramadol antinociception ( Fig. 4B ; p > 0.05). Pretreatment with naloxone significantly attenuated the effect of the APAP þ tramadol combination ( Fig. 5 ; p < 0.05 vs. veh/APAP þ Tram).
Antagonists
Pretreatment with either AM251 (s.c., 3 mg/kg), AM630 (s.c., 1 mg/kg) or vehicle did not significantly affect withdrawal thresholds of SCI rats post-treated with vehicle (Figs. 2e4; p > 0.05). Pre-treatment with naloxone (s.c., 5 mg/kg) did not significantly change withdrawal thresholds of rats that were post-treated with vehicle ( Fig. 5; p > 0.05) . It is possible that the suppressive effect of the CB receptor antagonists on the drug combinations actually decreased the efficacy of gabapentin, morphine and tramadol in place of blocking a hypothesized endocannabinoid-mediated mechanism. In a separate group of SCI rats, AM251 was injected 30 min prior to an injection of either morphine (3 mg/kg), gabapentin (100 mg/kg), or tramadol (100 mg/kg) alone. Also, AM630 was injected 30 min prior to injection of morphine (3 mg/kg) alone. Pre-treatment with the CB receptor antagonists did not significantly change the efficacy of the drugs alone (p > 0.05; data not shown).
Discussion
The current study demonstrated that combinations of APAP with either gabapentin or morphine induced a robust synergistic antinociception in rats with neuropathic SCI pain. By contrast, the combinations of either memantine or tramadol with acetaminophen were merely additive, suggesting that there may not be a generalized synergistic phenomenon with APAP combinations. The attenuation with CB receptor antagonists of the effects of the APAP combinations indicates a possible mechanism via activation of the endogenous CB system. It is possible that other analgesic drugs combined with APAP may lead to enhanced analgesia utilizing a CB receptor-mediated mechanism. To address the multiple neuropathological events that maintain chronic SCI pain, treatments addressing multiple yet complementary (synergistic) mechanisms could be useful in ameliorating pain. Furthermore, a source of such multi-mechanism treatments could be drugs that are currently available.
There are numerous pre-clinical data that point to robust changes in spinal cord ion channel function and receptor pharmacology following SCI and it is possible that these targets may to the development of novel analgesic drugs (Hulsebosch et al., 2008; Nesic et al., 2005) . However, development of orally active drugs against these targets will take considerable time and effort. By contrast, drugs that are currently marketed, which have extensive safety data, could be immediately evaluated for use in neuropathic SCI pain (Chong and Sullivan, 2007) . Furthermore, clinical drugs may be combined in sub-effective doses to obtain synergism with the potential for reduced adverse side-effects. This would be especially beneficial for SCI patients in whom some drugs may aggravate existing urinary retention and gastrointestinal motility, leading to potentially life-threatening acute hypertension (autonomic dysreflexia; (Rabchevsky, 2006) ).
Cannabinoid receptor agonists are antinociceptive in animal models of central as well as peripheral neuropathic pain (Hama and Sagen, 2007b; Herzberg et al., 1997) . Limited numbers of clinical studies indicate that centrally-mediated pain states, such as pain arising from multiple sclerosis and SCI have reported significant pain relief with exogenous cannabinoids (Cardenas and Jensen, 2006; Karst et al., 2003; Russo et al., 2007a) . A major psychoactive and analgesic component of C. sativa is D-9-tetrahydrocannabinol, the effect of which in vivo is attenuated by a CB1 receptor antagonist (Smith et al.,1998; Welch et al.,1998) . However, access to C. sativa for general medical use is controversial and the centrally-mediated adverse psycho-motor effects observed with CB1 receptor agonists may not be tolerable for all patients.
In addition to activation of CB1 receptors with exogenous ligands, it is also possible to evoke analgesia by enhancing levels of endocannabinoids, by either blocking the degradative enzyme or blocking cellular uptake. Enhancement of endocannabinoid concentrations via these methods may be an alternate means of engaging CB receptors for pain relief without the adverse side-effects observed with full agonists . Compounds designed to increase endocannabinoids have been found to be efficacious in various rat chronic pain models but the effects of these compounds have yet to be evaluated in an SCI pain model (Jayamanne et al., 2006; La Rana et al., 2006) .
Complex changes in CB receptor expression and endocannabinoid levels (e.g. anandamide) in the spinal cord following SCI have been reported (Garcia-Ovejero et al., 2009) . A rapid increase in endocannabinoid was observed in rats following a mid-thoracic spinal contusion injury, which decreased to sham-operated levels four weeks after injury (Garcia-Ovejero et al., 2009) . Observations were limited to the injury site and to the spinal tissue immediately rostral to the injury, which could be a key neuroanatomical focus mediating at-level or below-level SCI pain (Finnerup and Jensen, 2004) . Four weeks post-injury, a decrease in CB1 receptor mRNA and an opposite increase in CB2 receptor mRNA were observed. The significance of these changes to below-level neuropathic SCI pain is not entirely clear, but this suggests that a loss of CB1-mediated tonic inhibition in the spinal dorsal horn, allowing abnormal activity of dorsal horn neurons. In the current study, hind paw hypersensitivity was measured as a surrogate of below-injury level pain. There is currently no data on the state of the endocannabinoid system below the injury, where abnormal lumbar dorsal horn neural activities have been reported (Wang et al., 2005; Yezierski and Park, 1993) . In evaluating compounds that increase endocannabinoid levels for below-level pain, it will be important to measure endocannabinoids in lumbar spinal cord before and after compound treatment.
The mechanism of APAP's analgesic action is currently not well defined despite discovery over 100 years ago. Unlike typical nonsteroidal anti-inflammatory analgesics, APAP has no significant inhibitory activity on cyclooxygenase, thus has little analgesic effects through an anti-inflammatory pathway (Bertolini et al., 2006) . In the hot plate test in rats, modest efficacy (about 45% MPE) is observed at high systemic doses (e.g. 800 mg/kg). Associated with this antinociception is an increase in CNS levels of serotonin released from brainstem serotonergic neurons, suggesting central mediation (Courade et al., 2001; Pini et al., 1997; Raffa et al., 2000) . The antinociceptive effect of a high dose of APAP is attenuated with naloxone, a CB1 receptor antagonist and in CB1 receptor knockout mice, suggesting that APAP could act either directly as an opioid or CB1 receptor ligand or indirectly by increasing endogenous opioid or CB receptor ligands (Bertolini et al., 2006; Mallet et al., 2008) . However, the high doses used in acute pain tests will lead to acute hepatotoxicity in the rat (see below), which could lead to a significantly altered bio-distribution of APAP and its metabolites and complicate interpretation of the pharmacodynamic data.
Another intriguing CB-related possibility is that the metabolism of APAP in brain and in dorsal root ganglia leads to the formation of N-(4-hydroxyphenyl)-arachidonylamide (AM404), which inhibits cellular reuptake of endocannabinoids (Bertolini et al., 2006) . This compound has demonstrated efficacy in neuropathic and inflammatory pain models but has no effect in acute pain models (La Rana et al., 2006) . A low but measurable concentration of AM404 is found in the brain following systemic injection of 100 mg/kg APAP (Hogestatt et al., 2005) . AM404 could have a significant role in the antinociceptive effect of the currently evaluated combinations.
Alternatively, the efficacy of APAP or its metabolite in acute pain and peripheral neuropathic pain could be due to activity on other pain-related targets such as the Transient Receptor Potential (TRP) receptors found on primary afferent nociceptors (Hogestatt et al., 2005 subtype 1) receptors, which leads to antinociception possibly due to desensitization of nociceptors (Knotkova et al., 2008) . Topical application the TRPV1 receptor agonist capsaicin attenuates at-level neuropathic SCI pain (Sandford and Benes, 2000) . The importance of activating TRPV1 receptors in below-level neuropathic SCI pain is not clear. The TRPV1 receptor is upregulated in the lumbar spinal cord dorsal horn following a thoracic-level transection (Zhou et al., 2002) . As opposed to an agonist, systemic injection of a TRPV1 antagonist ameliorated hind paw heat hyperalgesia in spinally contused rats (Rajpal et al., 2007) . Further studies on the role of primary afferents below the spinal lesion should clarify the relevance of these receptors in SCI pain and whether or not nociceptor desensitization would significantly attenuate neuropathic SCI pain. Although APAP itself has no effect on the cyclooxygenases that generate inflammatory prostaglandins, AM404 inhibits these enzymes (Hogestatt et al., 2005) . The importance of this activity on nociception in these SCI rats probably is probably minimal since the cyclooxygenase-inhibiting drugs naproxen and rofecoxib are not antinociceptive (Hama and Sagen, 2007c) . However, up to 50% of SCI patients are currently taking such drugs, possibly to ameliorate musculoskeletal pain that is sensitive to cyclooxygenase inhibitors.
The 50% MPE dose of APAP in SCI rats was estimated to be greater than 300 mg/kg (i.p., data not shown), but robust efficacy has been observed in rat models of peripheral neuropathic pain (Lynch et al., 2004) . Injection of APAP into the hind paw ipsilateral to a sciatic nerve injury leads to a reversal of neuropathic mechanical hypersensitivity, which is mediated through both CB1 and CB2 receptors (Dani et al., 2007) . This suggests that APAP may be modulating the CB system in peripheral neuropathic pain. The difference in APAP efficacy across models suggests a distinction between the role of the endocannabinoid system in peripheral and central neuropathic pains. In general, it is likely that analgesic treatments may not be equally efficacious in both pain states e clinical studies appear to support this contention (Finnerup and Jensen, 2004) .
It is possible that the effects of the APAP combinations in the current study could be due to increased concentrations of the active drug as a consequence of an inhibitory effect of APAP on liver (drug metabolism) or kidney (drug excretion) function. High doses of APAP could in fact lead to hepatotoxicity and nephrotoxicity. Serum alanine aminotransferase (ALAT) and blood urea nitrogen (BUN) levels at 750 mg/kg (i.p.) were normal in 3 mo old rats (Tarloff et al., 1996) . Doses over 1000 mg/kg, however, increased ALAT activity and BUN. Significantly elevated ALAT suggest hepatic damage and elevated BUN suggests moderate to severe renal failure, which are clinically observed after ingesting extremely high doses of acetaminophen. In younger rats (about 1.5 mo) a dose of 500 mg/kg (i.p.) induced visible "necrosis" in rat liver tissue and significantly increased serum ALAT and liver concentrations of reduced glutathione, a tripeptide that conjugates and neutralizes the toxic metabolite of APAP responsible for liver necrosis (Chen et al., 2009 ). Resistance to hepatotoxicity in rodents appears to be age and sexdependent (Davis et al., 1974; Tarloff et al., 1996) . In the current study, rats were 2e2.5 mo old and the dose of 100 mg/kg (i.p.) is well below that used by Chen et al. (2009) . It is unlikely that highest dose used in the current study compromised rat liver or kidney function.
The clinical efficacy of APAP combinations cannot be explained by a general increase of drug levels either. In humans, acute administration of Ultracet Ò did not affect plasma concentrations of either tramadol or its metabolites and APAP (McClellan and Scott, 2003) . Similarly, given a combination of APAP þ codeine, morphine (the product of O-demethylation of codeine) did not affect the metabolism of APAP and vice versa (Somogyi et al., 1991; Sonne et al., 1988) . A drug interaction between gabapentin and APAP that could alter either's metabolism has not been reported, but gabapentin is not metabolized in humans, making the possibility of such a metabolic interaction unlikely. Thus, the antinociceptive effects of the combinations in the rat were likely due to pharmacodynamic mechanisms rather than a change in drug pharmacokinetics. In contrast to the frequently used clinical combinations of APAP with opiates, there is a paucity of studies on the efficacy of other drugs combined with APAP. Gabapentin is approved for use in treating pain due to post-herpetic neuralgia. A short-term study has been reported with gabapentin in combination with APAP to treat acute post-operative pain, based on the hypothesis that blocking or attenuating post-injury neural sensitization will reduce the intensity and duration of pain (Durmus et al., 2007) . Preoperative APAP þ gabapentin decreased post-operative morphine analgesic use and decreased both movement-associated pain and pain at rest to a greater extent than either gabapentin alone or placebo. Although the study was not designed to detect synergism, the results suggest improved analgesia with an APAP combination. Effects on long-term pain with a similar combination have yet to be reported, but the current results suggest efficacy of APAP þ gabapentin in chronic SCI pain.
The effect of an APAP þ tramadol combination has not been reported in either pre-clinical or clinical SCI pain studies. Previous pre-clinical studies have found that tramadol is antinociceptive in rat SCI pain models (Hama and Sagen, 2007c; Singh et al., 2006) . A recent double-blinded placebo-controlled study in neuropathic SCI pain patients confirmed the pre-clinical findings (Norrbrink and Lundeberg, 2009) . The combination in the current study was merely additive but it is possible that other ratios of APAP to tramadol could be synergistic e such as those observed in tests of acute nociception (Tallarida and Raffa, 1996) . The current study indicates that an Ultracet Ò -like combination could also be useful in clinical SCI pain. Attenuation of the antinociceptive effect of APAP þ tramadol with naloxone indicates involvement of opioid receptors, via a tramadol metabolite with m-opioid receptor affinity (Raffa et al., 1992) . The effect of APAP þ tramadol is also mediated by CB1, but not CB2, receptors. Thus, an Ultracet Ò -like combination would have multiple analgesic mechanisms, including cannabinoid, opioid and serotonergic, working in concert, without the obvious motoric effects and sedation observed with full CB and opioid receptor agonists. The current study pointed out a merely additive effect of APAP þ memantine. Although it is presumed that memantine, an NMDA receptor antagonist, and APAP have distinct analgesic mechanisms, it is possible that one drug could be antagonizing the effect of the other or that both drugs have a redundant, common mechanism. It has been suggested that NMDA receptor-mediated antinociception is meditated though endocannabinoids e anandamide can inhibit NMDA receptor function (Forman, 2003; Hampson et al., 1998) . However, it also appears that anandamide can also increase NMDA receptor function through a non-CB receptor-mediated mechanism. Which of these could be occurring in the current study following treatment is unknown, but the presence of apparently conflicting functions of endocannabinoids suggests that antinociceptive synergism involving the CB system may not be ubiquitous. In designing synergistic drug combinations, each constituent should not have mechanistic overlap (Tallarida, 2001) . The constituents of APAP þ memantine in the current study may not have been distinct, thus the lack of synergism.
Decreased efficacy following AM630 administration was found only in the APAP þ morphine combination. AM630 administered peripherally but not centrally attenuated the antinociceptive effect of morphine (da Fonseca Pacheco et al., 2008; Pacheco Dda et al., 2009) . This suggests that the effects of the APAP þ morphine could be mediated through peripheral as well as central CB receptors (Catheline et al., 1996; Dani et al., 2007) . Endocannabinoids, CB receptors and metabolism of APAPeAM404 can be readily observed outside of the CNS, such as in primary afferent nociceptors (Hogestatt et al., 2005; Mitrirattanakul et al., 2006; Wotherspoon et al., 2005) . Synergistic interactions between opioids and cannabinoids have been demonstrated both within the CNS and in nociceptors (Haller et al., 2008; Smith et al., 1998; Tham et al., 2005; Yesilyurt et al., 2003) . Thus, such a combination could be administered peripherally (e.g. as a patch), further minimizing potential adverse effects of APAP and morphine. The hypothesis of a peripheral, CB receptor-mediated effect of morphine should be approached cautiously, however, as there was no change in efficacy of systemic morphine following 1 mg/kg (s.c.) AM630 treatment and morphine was fully efficacious in CB2 knockout mice (Ibrahim et al., 2006) . The expression of CB receptors appears to be greatly altered in the injured spinal cord but the disposition of these receptors in peripheral nociceptors and uninjured lumbar dorsal horn has not been reported (Garcia-Ovejero et al., 2009) .
The antinociceptive effects of the combinations in the current study were markedly attenuated with the CB1 receptor antagonist AM251. However, AM251 did not diminish the antinociception of the active drugs alone (i.e. gabapentin, morphine, tramadol), indicating that the efficacy of these drugs individually is not derived from modulating the endogenous CB system. An interaction between the gabapentin binding side (alpha-2-delta subunit of the voltage-gated calcium channel) and cannabinoids has not been reported in the literature. Previous studies have demonstrated functional interaction between the opioid and CB receptor systems (Haller et al., 2008; Smith et al., 1998) . Evidence, however, demonstrating that morphine, tramadol or the metabolite of tramadol binds directly to CB receptors or that an increase in endocannabinoids is crucial in morphine's effect in SCI rats is lacking. Thus, the most likely source of the CB receptor sensitive component of the antinociceptive effects of the combinations in the current experiment is APAP (or its metabolite).
The present data points out the potential utility of combination analgesic therapy utilizing APAP for neuropathic SCI pain. Clinical guidelines for general chronic pain treatment have endorsed combination analgesic treatment (Christo and Mazloomdoost, 2008; Gilron and Max, 2005) . Adjuvants combined with "first-line" analgesics have been proposed for SCI pain despite the lack of extensive experimental evidence to support such treatments (Siddall and Middleton, 2006) . Although APAP is generally a safe drug, it will be important to identify combinations that may have potential toxicity prior to widespread clinical use (Prescott, 2000; Virani et al., 1997) . Further clinical studies could uncover other useful combinations and optimal dose ratios.
